This research investigates the effectiveness of strengthening flat slab to column corner connections by using carbon fibre reinforced polymer (CFRP) sheets. Towards this, four full scale un-strengthened and strengthened flat slab specimens were studied experimentally.
Introduction
The ease of construction and minimum depth presented by flat slabs has made them widely used in the construction of buildings for many decades [1] . Despite their inherent advantages, flat slabs are by their nature vulnerable to punching shear failure.
As a means of strengthening existing flat slabs, fibre reinforced polymers have been used to enhance the structural performance of slab to column zones by providing post-cracking tensile resistance and controlling the width of the cracks [2] . To date, a significant number of investigations have been conducted on strengthening existing slab to column connections for internal columns [3] . All investigations have examined methods to delay or prevent punching shear failure. One popular strengthening method is the direct strengthening of slabs against punching shear by using vertical FRP bars or rods as shear studs or as loops from top to bottom surfaces through the slab thickness. Several researchers have studied this method [4] [5] [6] . In all the previous work, researchers aimed at understanding the capability of CFRP in reinforcing concrete slabs against punching shear under different variables in particular the concrete strength, flexural capacity of the un-strengthened section and the arrangement of the CFRP reinforcement around the columns. The reported punching shear capacity enhancement varies widely depending on the amount of FRP used and the geometry of the specimen, it has been reported that this method can increase the slab strength by 17 % to 133 % [7, 8] (see Table 1 ). The disadvantage of this method is that it requires drilling through the thickness of the slab to allow post-fixing of the FRP, and is hence an intrusive procedure with associated risks such as rebar strikes etc. One alternative method to strengthen the slab to column zone may be described as the indirect method [2] . This method relies on strengthening the slabs in flexure by adding prestressed or nonprestressed FRP sheets or plates to the exposed surface of the slab, thus the shear strength may increase indirectly to varying degrees. As described by Muttoni [9] the punching shear strength of a slab decreases by the formation of a shear crack propagating through the slab thickness. At the flat slab to column zone, a compressive stress field which may be idealised as an inclined strut is generated through the depth of the slab and carries the shear forces to the column. In the lead up to punching shear failure, tensile stresses are generated transverse to the inclined strut leading to cracking. The shear strength of the section decreases progressively as the shear crack opens eventually leading to punching shear failure. This forms the basis for application of surface mounted FRP reinforcement, enhancing the ability of the system to carry the tensile stresses, reducing the opening of cracks at comparative load levels thus delaying the onset of punching shear.
Given the relative ease of application and non-intrusive nature, the indirect method has been investigated by a number of researchers [10] [11] [12] . Across these studies, it has been found that by using this method the punching shear resistance can be increased between 2 % to 114 % depending on the amount of FRP, FRP offset position and configuration. Table 1 gives a summary of relevant work in these two strengthening methods.
The vast majority of the readily available previous studies focus on interior slab column connections where moment transfer is usually relatively small or negligible [13] . In most of the quoted experimental studies mentioned in Table 1 , a single column stub was positioned in the middle of the slab and the boundaries represented the line of contraflexure.
Although it is convenient to test flat slab-column junctions under this boundary condition, the in-service boundaries are often not properly represented.
For the specific case of un-strengthened corner slab column connections, limited data is currently available. In these types of slabs there is often a significant interaction between the eccentric axial load (as a result of the slab geometry) and transferred moment. The existing studies on corner slabs can be classified into three categories: (1) isolated models consisting of one corner column and a part of a slab representing the negative moment area; (2) a whole slab supported by four corner columns which provide a realistic representation of the corner region of a flat slab and (3) multi-panel slabs [14] .
The present study seeks to address the current lack of readily available data on CFRP strengthened corner flat slabs. Furthermore, since the introduction of openings into an existing slab is a common cause for the need for strengthening, the efficacy of using CFRP in this scenario will also be explored. Openings are often needed to accommodate additional services, ducts, lifts and stairwells etc. To date there are no readily available experimental studies on the effect of CFRP strengthening where openings exist near the corner column, and especially adjacent to the slab free edge.
The structure of this paper is as follows. First the experimental set-up is described in section 2. This is followed by a brief description of the numerical model employed in section 3. The results of the experimental and numerical models are then presented together for discussion in section 4, followed by a numerical parametric study on strengthening layouts in section 5. 
Experimental Programme

2.1.Test specimen
The experimental programme comprised testing of four discrete flat slabs which were designed and fabricated in order to investigate corner slab-column behaviour. All the slabs were 2 m × 2 m square with a thickness of 80 mm. These slabs were attached to four 160 mm× 160 mm square, 720 mm high columns cast monolithically with the slab as shown in Fig. 1(c) . Slab 1 was the control specimen in which the slab was unaltered, i.e. without openings and without CFRP strengthening. This was designed to fail in punching shear at a total load of 36 kN/m 2 (including self-weight) based on Eurocode 2 [21] . Slab 2 was similar to the control specimen but strengthened with CFRP sheets of a width of 50 mm and a thickness of 0.6 mm around the corner columns as shown in Fig. 1 (a). The remaining two slabs 3 and 4 had openings near the slab-column intersection as shown in Fig. 1 (b). For the slabs with openings, the investigated opening size is set not to exceed 80% of the square column size in line with general recommendations [22] . Consequently an opening size of 100 mm ×100 mm was formed close to each column. The reinforcing details of all the slabs are presented in Table 2 . All the strengthened slabs used the same previously described CFRP sheets bonded externally to the top surface of the slab (i.e. the loaded surface), around the four columns in an orthogonal configuration.
The CFRP sheets were extended along the slab surface by between 340 and 500 mm for all strengthened slabs as detailed in Fig. 1 . This length was greater than the effective length of 153 mm calculated following the suggestion of ACI committee-440-2R [23] and greater than the effective bond length investigated as part of a parametric study using the FE model described in section 3. The numerical study varied the bond length from 350 mm to 500 mm on the concrete top surface. In all cases an additional length of CFRP extended 80 mm down the sides of the concrete at the slab edges. The 80mm (i.e. slab thickness) extension around the sides was also the result of the same numerical study where lengths of 40mm, 80mm and 160mm were explored. The 40mm case was found to be the threshold, at lengths greater than this early de-bonding did not occur. Based on the numerical study, a CFRP length of 500 mm in addition to the 80 mm around the edges was used in the experimental study. In general the CFRP sheets were attached adjacent to the slab column connection at a distance of 15 mm away from the column face due to practical constraints. 
Material properties
The flat slab specimens were cast on the same day from the same batch of concrete with a target 28-day cylinder compressive strength of 40 MPa. Six concrete cylinders of (150×300) mm were tested at 28 days in order to find the average concrete mechanical properties as All the dimensions are in mm. The CFRP sheets are extended beyond the slabs edges by 80 mm.
shown in Table 3 . Further to this, twelve (150 × 150 × 150) mm cubes (in place of cylinders due to practical constraints) were used to determine the compression strength on the day of testing. The tensile properties of the steel reinforcement were also investigated by testing samples to find the yield strength, ultimate strength and the elongation. Table 4 shows the mechanical properties of the steel rebar. One type of unidirectional CFRP sheet was used in this study. The material was provided by Easycomposites, UK [24] . CFRP sheets were used together with Weber.tec EP structural adhesive to form the composite strengthening system in accordance with Concrete Society Technical Report 55 [25] . Table 5 gives the material properties of the CFRP sheets and the bonding adhesive used in this study. 
2.4.Test procedure and instrumentation
Each slab to column zone was instrumented to provide detailed information regarding the structural behaviour throughout the entire loading history. The data recorded in the test comprised loading, deflections, strains in the steel and CFRP sheets. Loading was applied gradually at a rate of 3 kN/min from a hydraulic jack with a capacity of 2500 kN. To apply a uniformly distributed load on the slab, a steel frame consisting of one plate with dimensions 1500 mm × 1500 mm × 20 mm stiffened by a series of 50 mm × 50 mm × 2 mm square hollow sections was used (Fig. 2) . Below the hollow sections, 16 arrayed steel pads each with dimensions 50 mm × 50 mm × 10 mm at 500 mm centres were used to deliver the patch loads to the slab surface, thus approximating a uniformly distributed load as shown in Fig. 3 . All the four columns of each slab were designed to be pin-supported at the base. The deflection profile of the slab was measured via a LVDT at the centre of the lower face of the slab. 
Finite Element Modelling of Tested Specimens
The finite element software ABAQUS [27] thickness were chosen based on mesh sensitivity analysis for the concrete. The concrete material behaviour was modelled by the damage plasticity model which is able to represent the compressive crushing and the tensile cracking of brittle materials [27] . For the compression behaviour, the stress-strain relationship described by Eurocode 2 [21] was adopted. The tensile behaviour was based on the exponential relationship between the tensile stresses and the concrete crack width described by the equation of Cornelissen et al. [28] . The reinforcement mesh consists of 2-node truss elements (T3D2) was modelled as an elastic plastic material based on the properties in Table 4 . The reinforcement mesh was embedded through the concrete elements with full bond between the two. Continuum 2D shell elements (S4R) with an element size of 5 mm were used to model the CFRP material based on Table 5 .
The bond between the CFRP and concrete was modelled using cohesive elements (COH3D8)
with the adhesive layer being modelled using a single layer of cohesive elements of 5 mm element size. Debonding of the CFRP strips is represented by the onset of damage in the cohesive elements [27, 29] . Damage initiation is defined using a maximum nominal stress criterion as described by [27, 30, 31] . Fig. 6 shows the finite element mesh of the ¼ slab comprising 17304 concrete elements, 2220 cohesive elements and 2320 FRP elements. 
Discussion of the Results
The numerical and the experimental results are now discussed in detail in the following sections. Note that in the case of strengthened slabs 3 and 4, a numerical model of the corresponding un-strengthened slab with openings was also conducted for comparison.
4.1.Cracking and failure characteristics
All the specimens in the experimental and numerical studies failed by punching shear with the inherent brittle characteristics but at different load levels based on the presence of CFRP as shown in Fig. 7 and Fig. 8 . In all specimens, cracking was observed first on the top surface of the slab column connections close to the inner corner of the column which then propagated to the free edges of the slab; cracking was then observed in the lower surface of the slab at slightly higher loads. No cracking developed parallel to the diagonals of the slab. With increasing load, cracks propagated across the free edges following an inclined path away from the column edges culminating in torsional cracks and ultimately punching shear failure.
Torsional moments are developed simultaneously with bending moments and shear forces when the external loads act transversely at a distance from the support column [32] as shown in The typical inclination of punching shear cracks is shown in Fig. 7 for slabs 1 and 2. The tensile resistance of the CFRP sheets perpendicular to their longitudinal axis is small; therefore they will be less effective in resisting the corresponding tensile stresses and shear crack formation in that direction. In view of this, shear crack propagation away from the column face was approximately the same in both slabs. Based on these observations, it can be concluded that using CFRP reinforcement in these configurations has no major effect on the position of the punching shear crack as suggested by other researchers [33, 11, 34] , however the onset of cracking and its development can be delayed. In the concrete damage plasticity model adopted in ABAQUS, the direction of cracking is indicated by the maximum principal plastic strain [27] . Fig. 8 shows the maximum principal plastic strains at the slab column intersection of slab 1 at the ultimate punching load. It can be seen from the figure that the critical shear crack is formed at the intersection point of the slab to column zone, causing a reduction in the ability to carry the compression stresses to the column as described by
Muttoni [9] . In slab 2, the CFRP sheets debonded from the concrete substrate near the shear crack after the peak load due to the relatively high vertical displacement across the shear crack as shown in Fig. 9 . It should be noted up to ultimate load in the experiments, CFRP debonding did not occur in any of the strengthened slabs. Table 6 gives a summary of both the load at first cracking and ultimate load with the corresponding deflections and failure mode of the slabs in the experimental study. It can be seen that using CFRP has slightly delayed the onset of concrete cracking from 34.2 kN to about 38.6 kN for slab 2. This may in part be attributed to the improvement in rotational resistance provided by the CFRP sheets as they bridge across the diagonal shear crack and limit crack opening. Theoretically, decreasing the discontinuity caused by the slab rotation in the critical shear crack region would lead to a reduction of the overall mid-span deflection. Table 6 Summary of experimental and numerical results
4.2.Load-deflection behaviour
The load-deflection curves measured at the slab centre in the experiments and those from the numerical simulation are presented in Fig. 11 . For the case of slabs 1and 2, it is noticed that the numerical model gives reasonable agreement with the experimental results. In both slab cases, the numerical model over-predicts the point of initial cracking. The difference in the pre-crack elastic behaviour may be partially due to the variation in the tensile strength and Young's modulus in the specimen compared to the properties adopted from the cylinder test.
Similarly, the full bond assumption for rebar in the numerical model may lead to a stiffer response in the pre-crack regime [35] .
For slab 2, the external CFRP reinforcement bridges the discontinuity at the critical crack region leading to a small reduction in the slab central deflection compared to slab 1 at the same load level. The presence of the CFRP ultimately led to a modest increase in peak load and deflection. Despite the presence of strengthening, the propagation of the shear crack is approximately the same in both slabs 1 and 2 as shown in Fig. 7 . The behaviour of each specimen can be usefully characterised in terms of the increase in both the ultimate strength and deflection. It is found that strengthening slab 2 by CFRP reinforcement increased both the ultimate punching shear capacity (~ 11 %) and deflection (~ respectively compared to the numerical model of the un-strengthened slab with openings.
Similar levels of ultimate load enhancement have been observed for the case of internal column slab connections with comparable top rebar % (in this case 0.25% in each direction), as outlined in Table 1 and described by Faria et al [36] .
Reinforcement strains
Steel strains in slabs 1 and 2
Fig . 12 shows a comparison between the experimental and the numerical results for the strains in the rebar for both the un-strengthened and strengthened slabs. Parts of the rebar in the top mesh over the columns reach yield strain (3000 micro strain) before the punching shear failure takes place. This is common in punching shear scenarios where prior yielding of the rebar occurs locally around the column [37] . In the experiment, strains at gauge 2 and the corresponding position in the numerical model showed a reduction at a load level of 107 kN before failure as shown in Fig. 12(a) . A possible explanation is that concrete crushing in the compression zone has initiated and this causes a redistribution of strains in this area. This is confirmed in the numerical model which indicates the concrete compressive strength has been reached at a similar load level as shown in Fig. 13 (note the column was removed for clarity to show the stress distribution through the slab thickness). In both slabs 1 and 2, strain gauge 4 recorded yield at nearly the ultimate load, while strain gauge 6 showed yield had not yet occurred. 
Steel strains in slabs 3 and 4
The existence of the opening reduces the load at first cracking compared to that in slab 1. Due to the CFRP strengthening, cracking can be delayed up to a load approximately equal to the cracking load of slab 1 as shown in Fig. 16 . It is also seen from Fig. 16 that the steel reinforcement over the column incurs less strains as compared to the reinforcement in slab 1 as shown in Fig. 12 because the existence of the opening has reduced the total ultimate load.
An approximately similar reduction in the steel reinforcement was also shown in Fig. 16 due to the initiation of concrete crushing as discussed previously for slabs 1 and 2. 
Parametric Study on Strengthening Layout
In the case of slabs 2 and 4 the level of load capacity enhancement via the indirect strengthening system has been modest. Similarly, no appreciable improvement in ductility has been observed. In this section, a number of alternative strengthening configurations are explored numerically (using slab 1 as the baseline) with a view to obtaining greater enhancements. Each alternative configuration (summarised in table 7) has been derived based on practical constraints associated with accessing the slab in real structures. One alternative configuration consists of applying the CFRP strips diagonally across the crack zone, this presents the opportunity to form a complete loop from top to bottom. The second alternative configuration comprises application of CFRP strips longitudinally along the exposed sides of the slab. figure 20 . In all cases, the slabs failed in punching shear in a similar manner to slab 2, with no occurrence of debonding. From figure 20a) it can be observed that the diagonal strip configurations produced an almost identical performance to slab 2. It is worth noting that the Ai configuration uses the least amount of CFRP, however this also results in a slight reduction in ductility. It is also interesting to note that application of strengthening to the bottom face in combination to the top face has no real effect, whether a diagonal or orthogonal configuration is adopted, this is reflective of the moment regime at the corner column zone. The only notable load enhancement occurred with the Ciii & Civ configurations although both cases resulted in a stiffer response and a corresponding reduction in ductility, see figure 20b ).
Additionally it can be observed that application of longitudinal strengthening to the exposed sides of the slabs also results in small load enhancement in all cases as shown by the performance of the C series globally. 
Conclusions
The aim of using CFRP strengthening at the column-slab zone is to increase punching shear capacity. Ideally, the use of CFRP should cause a more ductile response from the slab.
Depending on the CFRP strengthening configuration, it may be the case that a less ductile response incurs, even though an increase in overall load is achieved. Based on the current studies, the most important concluded points are:
1-Strengthening corner slabs by surface mounted CFRP strips resulted in delaying the initiation of the flexural cracks in slabs. This delay has improved the slab performance by increasing the total ultimate loading capacity of slab 2 from 127.4 kN to 141.2 kN and the sustained deflection from 33 to 46 mm.
2-
The externally bonded CFRP sheets reduced the total strain in the internal steel bars over the column region.
3-The steel tensile strains increased in the slab centre due to the increase in the deformation and ultimate load capacity.
4-The strengthened slab column connections have a stiffer behaviour than the un-strengthened slabs because the CFRP delays the initiation of cracking.
5-The existence of the opening reduced the ultimate punching shear capacity. Strengthening with CFRP allowed the slab to recover the ultimate punching shear capacity to a level commensurate with the slab without openings.
6-In all strengthened slab systems examined, the CFRP stresses were comparatively low at ultimate load; similarly the load enhancement achieved by strengthening was also relatively small. This highlights the limitations of achievable enhancement with the method, increasing CFRP amount is unlikely to result in significant load enhancements or be economic. Greater enhancements may be achievable where the top steel rebar % is small as outlined by Faria et al [36] . In general, the technique remains applicable to corner slab zones in areas where small load enhancements are of benefit.
